Abstract: A light-activated reaction analog has been developed to mimic the catalytic reaction cycle of ∆ 5 -3-ketosteroid isomerase to probe the functionally relevant protein solvation response to the catalytic charge transfer. ∆ 5 -3-ketosteroid isomerase from Pseudomonas putida catalyzes a C-H bond cleavage and formation through an enolate intermediate. Conversion of the ketone substrate to the enolate intermediate is simulated by a photoacid bound to the active site oxyanion hole. In the ground state, the photoacid electrostatically resembles the enolate intermediate while the low pK a excited state resembles the ketone starting material. Time-resolved fluorescence experiments with photoacids coumarin 183 and equilenin show the active site of ∆ 5 -3-ketosteroid isomerase to be largely unperturbed by the light-activated reaction. The small solvation response for the photoacid at the active site as compared with a simple solvent suggests the active site does not significantly change its electrostatic environment during the catalytic cycle. Instead, the reaction takes place in an electrostatically preorganized environment.
Introduction
The role of electrostatic interactions at the active site of enzymes has been widely discussed.
1-5 Both time-averaged and dynamic aspects of electrostatic interactions are potentially important; in this paper we specifically consider whether there is a solvation response at the active site of the enzyme ∆ 5 -3-ketosteroid isomerase (KSI) following a sudden electrostatic perturbation that simulates the catalytic reaction coordinate.
KSI from Pseudomonas putida catalyzes a C-H bond cleavage and formation through an enolate intermediate, as shown in Figure 1 . 6 The general base Asp40 abstracts a proton from the 4 position of the steroid ring to form an enolate stabilized by the hydrogen bond donating residues Tyr16 and Asp103, which are positioned deep within the active site and form a so-called "oxyanion hole." Protonated Asp40 then transfers its proton to the 6 position of the steroid ring to complete the reaction. While often described as a hydrophobic active site, the large number of polar and potentially charged amino acids in the oxyanion hole suggests that a more precise description is warranted. These amino acids (and others) collectively create a time-averaged electric field that is heterogeneous. 7 In this paper we explore whether these polar amino acids can respond dynamically to the charge perturbation that occurs during the course of the reaction or whether the active site is electrostatically preorganized.
Time-resolved fluorescence experiments are often used to probe the changing solvent environment around chromophore excited states. The solvation dynamics of excited-state fluorophores has been extensively studied in simple solvents [8] [9] [10] and to a more limited extent in proteins. [11] [12] [13] [14] [15] [16] [17] In a simple, polar solvent time-resolved fluorescence spectra show a red shift in time as the excited-state dipole becomes better solvated, often called a dynamic Stokes shift. The magnitude of the shift reflects the solvation capacity of the medium, while the duration at earliest times (sub-ps) involves inertial motions of the solvent, and on a somewhat longer time scale (ps) is best described by the dielectric relaxation time. [8] [9] [10] By contrast, solvation dynamics experiments conducted in proteins exhibit a wide range of solvation capacities and relaxation time scales from the femtosecond to nanosecond regime, where the details depend on the location of probe. 13 This heterogeneity in different protein environments suggests that the dielectric relaxation properties of an enzymatic active site may be subject to evolutionary pressure to influence reactivity. However, with the exception of one measurement on the chromophore in mPlum, a GFP variant, 14 measures of protein solvation, with no specific connection to motions that may be relevant to function.
The strategy utilized to determine solvation along the reaction coordinate in KSI is described schematically in Figure 1 . Both equilenin and coumarin 183 (C183) bind tightly in the oxyanion hole and chemically resemble the intermediate in the catalytic cyclic. Both are photoacids; that is, upon photoexcitation, the pK a of the hydroxyl group changes substantially. This lightactivated change in electron density around the photoacid hydroxyl group simulates the change in substrate pK a during the catalytic cycle. Such a large change in dipole moment associated with photoexcitation produces a substantial solvation response in simple solvents that can be probed quantitatively by measuring the dynamic Stokes shift in the emission spectrum.
8-10 The experiments described in the following measure the magnitude of the solvation response to this charge displacement when these molecules are bound at the active site of KSI.
Much work by other laboratories has determined how substituted naphthols, especially equilenin, bind to KSI. Crystal structures of equilenin bound to KSI show the probe hydroxyl group hydrogen bonds to the oxyanion hole residues as depicted in Figure 2 . 18 The oxyanion hole is a critically important area of the active site. Mutation of either Tyr16 or Asp103 to nonpolar residues reduces the catalytic efficiency by 10 3.4 and 10 2.1 , respectively. 19 Two other tyrosine residues (Tyr57 and Tyr32) are close to Tyr 16 and Asp 103, making the oxyanion hole itself potentially quite polar; the unusual properties of this site are described in detail elsewhere. 20 Furthermore, the oxyanion hole is the most likely area of the active site to be affected by electrostatic perturbation (or to induce an electrostatic perturbation on the substrate) because the remainder of the active site is composed of hydrophobic residues. The charge transfer associated with excitation of the photoacid results in a large change in electron density around the probe hydroxyl group as evident by the change in pK a . This movement of charge is an ideal tool for studying the activity of the protein oxyanion hole during catalysis because a similar charge transfer occurs upon the conversion of substrate ketone to enolate during catalysis. 6 We can also frame these experiments in a broader context to test aspects of competing theories of enzymatic catalysis in KSI. Some researchers have proposed an electrostatically preorganized active site that should be a relatively fixed environment over the reaction coordinate.
2,21-24 Others have suggested proteinmotionsasageneralfeatureofcatalyticrateenhancement. [25] [26] [27] If the active site is characterized by electrostatic preorganization, then the electric field produced by the protein environment should be invariant over the reaction coordinate, and the Crystal structure 1oh0 of equilenin (blue) bound to KSI from Pseudomonas putida (green). 16 Two -stands that form one side of the active site pocket have been removed for viewing purposes. solvation response to a charge transfer related to catalysis should be minimal. Alternatively, if protein motions are responsible for activating catalysis, then the same motions should induce changes in the electric field around the substrate during catalysis. If changes in the electric field induce catalysis, then the light driven reaction should induce protein motion, that is, a solvation response. Therefore, direct observation of the solvation response within the active site from a probe whose transition resembles the reaction coordinate can distinguish between a preorganized active site and one that relies on protein motion to induce catalysis.
Methods
Protein Expression. All experiments were conducted with KSI from Pseudomonas putida with the common mutation, D40N, to enhance binding. The protein was overexpressed by standard microbiology techniques and purified by affinity chromatography as previously reported.
3 Electrospray mass spectrometry confirmed that the protein was expressed correctly.
Steady-State Fluorescence. Steady-state fluorescence experiments were conducted with a Fluorolog-3 fluorimeter from Horiba Jobin Yvon. Room temperature and 77 K protein spectra were obtained with 0.5 mM equilenin, 1 mM KSI D40N in pH 7, 40 mM potassium phosphate buffer, and 50% glycerol. Room temperature and 77 K aqueous samples were conducted with 0.5 mM equilenin in 0.5 M NaOH and 50% glycerol (see below and ref 28 for discussion of the relevant protonation state of equilenin in the protein). Low temperature experiments were conducted in an immersion cryostat with a 50 µm path length sample, while room temperature experiments were conducted in a 1 mm quartz cuvette. Parallel steady-state fluorescence experiments were not possible for C183 because its binding affinity to KSI was found to be greatly reduced in the presence of cryoprotectant (DMSO, glycerol, or sucrose).
Time-Resolved Fluorescence Spectroscopy. Descriptions of our setups for fluorescence upconversion and time-correlated single photon counting (TCSPC) have been reported elsewhere. [29] [30] [31] In the current work, the fluorescence upconversion instrument response was measured to be ∼140 fs, while the TCSPC instrument response was measured to be ∼22 ps. Fluorescence upconversion was performed exclusively with C183 as insufficient laser intensity is available on our setup at the wavelength of the equilenin absorption band. C183 was excited with 400 nm, 120 pJ pulses of light. All experiments were performed with 46 µM C183 in pH 7, 40 mM potassium phosphate buffer. Protein-bound C183 experiments were obtained in the presence of 0.65 mM KSI D40N.
For equilenin, time-resolved fluorescence measurements were only possible using TCSCP because the excitation light at 365 nm (∼60 pJ/pulse) available from our laser system provides insufficient power in the gate beam to observe an upconversion signal. All experiments were performed with 0.5 mM equilenin. Measurements in aqueous buffers were conducted in pH 12 CAPS buffer with 50% DMSO to ensure solubility (see below and ref 28 for discussion of the relevant protonation state of equilenin in the protein). Proteinbound equilenin experiments were conducted in pH 7 potassium phosphate buffer with 1.0 mM KSI D40N. In all TCSPC experiments involving equilenin, the buffer was purged with argon for 1 h before sample preparation. After addition of protein and ligand, the sample was purged with argon for an additional 30 min.
As described previously, time-resolved fluorescence spectra were reconstructed from individual decay curves.
8-10 Individual fluorescence decays were measured in 5 nm increments across the fluorescence emission band. The intensity of each fluorescence decay was normalized to the steady-state intensity at the corresponding emission wavelength. Steady-state spectra used to normalize the individual decays were taken from samples composed identically to those used in the time-resolved experiments and excited at the same wavelength. The time-resolved spectra were fit to a log-normal line shape at each time point to determine the peak position as a function of time.
Results/Discussion
Light-Activated Reaction Analog. Excitation of a photoacid does resemble the charge transfer that occurs during KSI catalysis, but it is not a perfect analog. Here we describe the strengths and weaknesses of our model system and discuss the choice of photoacids. Probably the largest distinction between the actual reaction and the reaction analog is the exact direction and magnitude of the difference dipole between electronic states in the model and the reactant (or product) and intermediate in the catalytic cycle. During the actual reaction, a formal charge is transferred between the oxyanion hole and residue D40, as shown in Figure 1 . In the reaction analog, charge is transferred between the oxyanion hole and the conjugated ring system of the dye. Thus, the direction of charge transfer from the oxyanion hole is rotated by ∼45°between the two systems. Since we are dealing with a specific solvent environment and a specific transition, it may be that degrees of freedom that might be accessed in response to charge migration in the course of catalysis are somewhat different from those accessed by the light-driven analog.
The magnitude of the change in electron density around the oxyanion hole is smaller in the reaction analog than in the actual reaction. As shown in Figure 1 , the actual reaction converts a ketone to enolate, and this change represents a ∆pK a of ∼12 units. As discussed below, the ∆pK a produced by the reaction analog is ∼6-7 pK a units. While the change is less than that in the actual reaction, the change in electron density during the reaction analog represents a significant perturbation to the protein, especially considering the ∆pK a between the substrate and transition state, which, while not known with great confidence, has been suggested to be ∼9 units. 32 Finally, the reaction analog does not model all aspects of the catalytic reaction. Specifically, the proton transfer to Asp40 is not reproduced. The reaction analog reproduces the change in electron density on the substrate around the oxyanion hole, and the solvation dynamics we probe are related to changes in and around the oxyanion hole. Note that the analog ground state resembles the reaction intermediate while the analog excited state resembles the reaction starting material. Therefore, the light-activated reaction actually simulates the reaction running backward from the intermediate to the substrate. However, microscopic reversibility applies here, and therefore, whatever process the protein undergoes is observable in either direction. Additionally, the excited state resembles the product ketone as well as the starting material ketone, and therefore, the light driven reaction equally well simulates the reaction between the intermediate and product. Figure 1 . Equilenin is a particularly convenient choice because it has been studied in KSI for many years as a reaction intermediate analog. Previous work has shown that it binds to KSI with 1 nM affinity, 3 and crystal structures have been solved to determine its orientation when bound to KSI as shown in Figure 2 . 18 Critically, the molecule is not susceptible to solvation from bulk solvent outside the active site of KSI. The active site of KSI is a deep pocket, but a ligand bound in the pocket is still solvent exposed at the end opposite the hydroxyl group. In the case of equilenin, a nonpolar region that is not conjugated to the π system is exposed to the solvent. We have shown in a separate work that equilenin binds at the active site in approximately a 50/50 mixture of the protonated and deprotonated form; 28 deconvolution of the spectra of these forms shows that only the deprotonated form is excited at 365 nm, and the deprotonated form at high pH is therefore used for comparison. Unfortunately, equilenin is not suitable for ultrafast fluorescence upconversion experiments since the molecule does not absorb well in regions accessible with the doubled output of the Ti:sapphire laser and because it is relatively susceptibility to photodestruction. With our setup, the power output is severely reduced at 730 nm (necessary for excitation at 365 nm) from the optimal 800 nm. As a result, the maximum excitation power and gate beam power are reduced. Because fluorescence upconversion is a nonlinear process, a diminished gate beam dramatically reduces the potential for using upconversion. As a result, experiments with equilenin were limited to TCSPC.
Photoacids.
C183 was found to be a suitable probe for the faster fluorescence upconversion experiments because its absorption is further to the red than equilenin and it is relatively photochemically stable. C183 does bind to KSI as demonstrated by a change in fluorescence lifetime upon binding. Unbound C183 has a fluorescence lifetime of greater than 1 ns, but the lifetime is reduced to tens of picoseconds when bound at the active site of KSI. The reduction in lifetime is not unique to the protein environment, as a similar quenching of the C183 anion is observed in hydrophobic mixtures of 2:1:0.01 (v/v/v) toluene/ phenol/NaOH saturated in water. Quenching is only observed in low dielectric, hydrogen-bonding solvents; the reason for quenching is unknown, and we do not speculate on the mechanism. While the reduced fluorescence lifetime limits the observational time window, it also provides a clear observable to distinguish bound from unbound ligand. The addition of equilenin (K d ∼ 1 nM) to solutions of C183 bound to KSI D40N restores the solution phase C183 fluorescence lifetime. Because equilenin is known to bind to the KSI active site, displacement of C183 by equilenin strongly suggests C183 also binds to the active site. Conversely, when equilenin is prebound to KSI, C183 does not bind.
Much work has focused on the binding of naphthols and phenols to the KSI active site, and those experiments show the binding affinity of the hydroxyl group to the oxyanion hole is at least an order of magnitude greater than that of a carbonyl group.
3,33 Also, the infrared absorption spectrum of C183 bound to KSI shows the nitrile stretch at a frequency unperturbed from the buffer value. This strongly suggests that the nitrile is exposed to buffer when bound to KSI, and this is consistent with the hydroxyl group on C183 binding to the oxyanion hole. Given the affinity of hydroxyl binding and the unperturbed nitrile stretch, we can say with high certainty that C183 does bind with its hydroxyl group bound to the oxyanion hole. The solution pK a of C183 and measured proton affinity of the active site suggest that it binds as its anionic form. 28 Consistent with this, the electronic and infrared (looking at the characteristic nitrile stretch) absorption spectrum of C183 when bound to the protein is similar to the absorption spectrum of C183 in basic solution. As a result, solvation experiments conducted on C183 in the absence of protein focused on the solvation response of the C183 anion.
The electron-accepting cyano and carbonyl groups on C183 help produce the fluorescence properties that make the upconversion experiment possible. However, because these groups are solvent exposed to some extent when bound to KSI they also expose the conjugated system to the solvent, and solvation of these groups by buffer contributes to the observed solvation response. As a result, the solvation response observed in C183 systems can only be considered an upper bound of what occurs during catalysis.
∆pK a is obtained for photoacids by the Förster cycle, 34,35 eq 1:
where N a is Avogadro's number, h is Plank's constant, c is the speed of light, R is the gas constant, T is the temperature of the system, and (ν j ArO --ν j ArOH ) is the difference in transition energy for the deprotonated and protonated states in cm -1 . Absorption and fluorescence emission spectra are generally used to determine (ν j ArO --ν j ArOH ) for both the S 0 -S 1 transition and S 1 -S 0 transition, and the average value is used in eq 1. Ideally, the transition energies are the 0-0 transition energies; in practice, the 0-0 energies are difficult to determine, and the peak energies are used instead. Using the Förster cycle, the ∆pK a was found to be ∼5.2 for C183 with the ground state pK a ≈ 7. The ∆pK a for equilenin was found to be ∼7 with the ground state pK a ) 9.7. The measured ∆pK a for equilenin is similar to the previously measured ∆pK a of 7 for 2-naphthol, 36 which is structurally similar to equilenin.
In summary, equilenin and C183 are very good but not perfect probes for the charge-transfer reaction that occurs during catalysis. This is a rare case in which a process very closely related to the reaction coordinate can be triggered with light and the response of the protein observed and compared with a simple solvent. Each dye poses experimental challenges and has limitations due to its photophysical or photochemical properties and, in the case of C183, partial exposure to bulk solvent.
Steady-State Fluorescence. The temperature dependence of the fluorescence excitation and emission spectra of equilenin in buffer and bound to KSI are shown in Figure 3 . In buffer, a blue shift of ∼40 nm (2500 cm 
temperatures; 37 at 77 K the glycerol/water buffer is a frozen glass, and the solvation capacity is greatly reduced. Fluorescence spectra from equilenin bound to KSI are also temperature dependent; however, the degree of the blue shift is a relatively modest ∼8 nm (400 cm -1 ). The temperature dependent spectra are consistent with a solvation response occurring in both solvent environments with the buffer environment displaying a significantly greater solvation capacity.
Time-Resolved Fluorescence. As discussed in the Methods section, TCSPC was used to measure the time-resolved emission spectra of equilenin in buffer and bound to KSI, both in anionic form. 28 As shown in Figure 4A , the fluorescence decays on the red and blue sides of the equilenin emission spectrum in buffer exhibit different kinetics. The fast decay on the blue side of the band with an accompanying rise on the red side is consistent with a solvation response. When equilenin is bound to KSI, the fluorescence decays on the red and blue sides are nearly identical ( Figure 4B) . However, close examination shows the bluer wavelength does decay faster than the red. Individual decays taken at 5 nm increments were used to construct timeresolved emission spectra, and the fluorescence emission maximum was determined as a function of time, as shown in Figure 5 . The observation window of 4 ns is the time until the fluorescence decays were reduced to 10% of their initial intensity. Equilenin in buffer shows the expected rapid solvation response typical in simple solvents. The magnitude of the solvation response was measured to be ∼100 cm -1 . The solvation response was best reproduced by fitting to multiple exponentials; however, fitting the response to a single exponential allows for an estimation of the solvent relaxation time scale. When fit to a single exponential, the response was found to occur with a lifetime of ∼50 ps. Note that the instrument response time is ∼22 ps, and the bulk of the solvation response probably occurs within the instrument response, as found with many similar dyes in simple solvents.
9,10 Comparison of the steady-state fluorescence spectra at 77 K and room temperature spectra suggests a solvation response as large as 2500 cm -1 is possible. Figure 5 shows almost no solvation at times greater than 1 ns, so the bulk of solvation likely occurs within the instrument response.
In contrast to the rapid spectral shift observed for equilenin in buffer, the protein-bound sample undergoes a red shift of ∼70 cm -1 over a broad time scale during the 4 ns observation window. Comparison of the fluorescence spectra of equilenin bound to KSI at room temperature and 77 K suggests a solvation response as large as 400 cm -1 is possible. The 4 ns observation window limits a quantitative fitting of the red shift; however, the red shift is happening on the tens-to-hundreds of nanoseconds time scale.
Fluorescence upconversion could be performed with C183 bound to the KSI active site. The fluorescence lifetime of C183 was dramatically reduced upon binding to KSI. While this limited the observation window to 100 ps, it also was used to demonstrate ∼100% binding of C183 to KSI active site. As shown in Figure 4C , fluorescence from C183 in buffer undergoes a rapid decrease in fluorescence intensity on the blue side of the emission spectrum concurrent with a rise in fluorescence intensity on the red side, and this shift in fluorescence intensity is consistent with a solvation response. C183 bound to the KSI active site also shows a rapid shift of the fluorescence intensity ( Figure 4D ). However, the magnitude of the shift is much reduced from the buffer value. As shown in Figure 6 , the solvation of excited C183 in buffer resulted in an ∼750 cm -1 red shift occurring on the time scale of a few picoseconds. This observation is consistent with small molecule solvation in a simple, low-viscosity, polar solvent. Solvation within KSI resulted in an ∼200 cm -1 shift occurring with similar kinetics. As noted above, the cyano and carbonyl groups of C183 are solvent exposed even when C183 is bound to the active site. The fast but small solvation response observed for C183 bound to KSI is consistent with water solvation of the solvent exposed electron-accepting groups, and the solvation response observed from C183 can only be considered an upper bound for solvation possible within KSI.
Rigidity and Preorganization. The solvation response for equilenin and C183 is significantly diminished when bound to KSI, and the diminished solvation response signifies an electrostatically rigid active site. The active site is often considered a hydrophobic environment due to the large number of hydrophobic residues lining much of the active site and the propensity for inhibitors with increasing hydrophobicity to bind with greater affinity.
3, 28 The purported hydrophobic environment of the active site may seem to necessarily limit the solvation response observed in KSI. However, the hydrogen bonding oxyanion hole could provide a significant solvation effect if these hydrogen bonding groups are able to reorganize after the substrate is excited. Asp103 and Tyr16 form hydrogen bonds to equilenin, and if these hydrogen bonds were able to rearrange in response to the charge shift upon excitation, then they would produce a dynamic Stokes shift. The conventional solvation response is described as the inertial response and reorientation of solvent dipoles around the excited-state dipole. However, if Normalized steady-state fluorescence excitation and emission spectra of equilenin. Emission from KSI bound equilenin at room temperature (solid, black) and 77 K (solid, blue) was observed from 350 and 365 nm excitation, respectively. Corresponding excitation spectra (broken line with matching color) were observed from 400 nm emission. Emission from equilenin in buffer at room temperature (solid, red) and 77 K (solid, purple) was observed from excitation at 360 and 350 nm, respectively. Excitation spectra (broken lines) of the room temperature sample (red) were observed from emission at 420 nm while the 77 K sample (purple) was observed from 390 nm emission. The protein-bound spectra were taken in pH 7, 40 mM potassium phosphate buffer while the unbound spectra were determined in 0.5 M NaOH. All spectra were obtained in 50% glycerol.
the fluorophore is capable of hydrogen bonding to the solvent, then motion between and around the hydrogen bonding members can dominate the solvation response. Indeed, the solvation response of 2-naphthol in simple, protic solvents is largely attributed to the rearrangement of solvent hydrogen bonds to the hydroxyl moiety. 36 In our earlier work on mPlum (derived from mRFP 38 ), the solvation response was shown to result entirely from a single hydrogen bond interaction between the chromophore and the protein environment, 14 and the observed solvation response was larger and approximately 2 orders of magnitude faster than that observed with equilenin in KSI.
The presence of the oxyanion hydrogen bonds but lack of a bulk-solvent-like solvation response suggests an enzymatic role for the electrostatically rigid nature of the active site. Two orthogonal theories of catalytic rate enhancement revolve around the mechanical and electrostatic stability of the protein active site. Some researchers have proposed special networks of coupled protein motion as a general mechanism of catalytic rate enhancement. [25] [26] [27] A recent computational study specifically examining the conformational changes in KSI has found conformational changes of the oxyanion hole residues and Asp40 during the catalytic cycle. 39 Our experiment is not well optimized to examine the reorganization of Asp40; however, the lack of large solvation response suggests the oxyanion hole residues do not reorganize during the catalytic cycle. Warshel and other researchers have proposed a preorganized active site in which the electrostatic environment is largely invariant over the reaction coordinate.
2,21-24 The small dynamic Stokes shift . Time-resolved fluorescence was observed with TCSPC, which has an instrument response function of ∼22 ps. Time-resolved peak emission energy for C183 in KSI (black) and buffer (red). Time-resolved fluorescence was observed with fluorescence upconversion, which has an instrument response function of ∼150 fs. For the purposes of graphing, time zero was set to 1 ps. Note that the horizontal axis is log time and covers a very different range than that in Figure 5 . observed in the KSI active site indicates only minimal dielectric reorganization occurs during the light-driven reaction analog. The lack of a significant dielectric reorganization during the reaction analog suggests that the active site does not significantly reorganize during the catalytic cycle. And, the lack of electrostatic reorganizing during the catalytic cycle suggests an electrostatically preorganized active site.
The dynamic Stokes shift can only be observed for approximately 4 ns with equilenin and 100 ps with C183; however, these are relevant time scales to observe catalytically relevant protein motion. The only motion allowed to the protein is thermal motion, and the only thermal motions that are unique to organized solvents are low frequency vibrational modes (breathing modes) that encompass most or all of the protein.
Protein breathing modes have been observed in molecular dynamics simulations to occur on time scales ranging from 0.1 to 10 ps in proteins of similar size as KSI including trypsin inhibitor, crambin, ribonuclease, and lysozyme. 40 The time scales observed for these vibration modes suggest a solvation response in the picosecond regime if a protein breathing mode or combination of modes is responsible for catalytic rate enhancement. However, as discussed above, the solvation response observed with the equilenin light-driven reaction analog is in the tens-to-hundreds of nanoseconds regime. Therefore, protein breathing modes are unlikely to be coupled to the reaction coordinate.
The lack of a significant solvation response in KSI suggests a preorganized active site. When the light-driven reaction analog occurs in the KSI active site, the electrostatic environment changes little. If the protein is optimized to induce an electrostatic environment to affect the substrate, then inducing the change in the substrate should induce a change in the protein.
Alternatively, a preorganized active site would always be positioned to induce transition state formation. An electrostatically preorganized active site would resist changing its electrostatic environment as the substrate is bound and reacts, and this resistance to electronic perturbation is observed during the light-driven reaction analog in the KSI active site.
